ABSTRACT: A joint experimental and computational study investigates the translocation of a tryptophan molecule through a phospholipid membrane. Time dependent spectroscopy of the tryptophan side chain determines the rate of permeation into 150 nm phospholipid vesicles. Atomically detailed simulations are conducted to calculate the free energy profiles and the permeation coefficient. Different charging conditions of the peptide (positive, negative, or zwitterion) are considered. Both experiment and simulation reproduce the qualitative trend and suggest that the fastest permeation is when the tryptophan is positively charged. The permeation mechanism, which is revealed by molecular dynamics simulations, is of a translocation assisted by a local defect. The influence of long-range electrostatic interactions, such as the membrane dipole potential on the permeation process, is not significant.
I. INTRODUCTION
The cell membrane is the natural barrier that separates the interior of the cell from the extracellular environment. This barrier is essential for life, retaining necessary concentration gradients and separating ingredients for biochemical reactions from waste products and undesired chemicals. One of the most important concentration gradients is of ions, maintaining an electric field across biological membranes. This field is vital, and living systems invest significant biological machinery (pumps) and energy to maintain it. 1 It is therefore of considerable interest to quantify the rate of ion "leakage" through membranes, i.e., the rate in which ions permeate through biological membranes without assistance. The unassisted permeation follows the opposite direction of the concentration gradient. It is against this leakage that the cell must continuously struggle and pump back ions, a struggle that will stop only at cell death.
Molecular dynamics simulations have been used to provide an atomically detailed view of the insertion and translocation of charged species through model lipid bilayers. The first estimates of the potential of mean force (PMF) along the membrane axis (the normal to the membrane surface) for monatomic ions using atomically detailed simulations go back to Wilson and Pohorille, who obtained an energy barrier located at the membrane center of about 54 kcal/mol for Na + and 50.5 kcal/ mol for Cl − ions. 2 Later, Tepper and Voth 2 using a multistate variant of the empirical valence bond model 3 estimated barriers for ion leakage for H + , OH − , and Na + (for the latter, the barrier was 24 kcal/mol). More recently, McCammon et al. 4 in a study of ion-pairing reported barriers for permeation of 21.9 kcal/mol for Na + , 23.6 kcal/mol for Cl − , and 27.6 kcal/mol for the Na + − Cl − ion pair. Molecular dynamics simulations have also been used to study mechanisms and energetics of permeation of more complex biological molecules such as charged amino acids. Amino acid and peptide translocation are useful in modeling the mechanism of peptide and of protein insertion to membranes. 5 Arginine was studied most extensively due to its significant role in cell permeating peptides (CPPs). 6, 7 Several simulations have shown that arginine remains positively charged even at the center of the bilayer. 8−10 Other charged side chains have higher barriers. Tieleman computed a barrier of about 14 kcal/mol for the side chain of arginine, 20 kcal/mol for the side chain of glutamic acid, and 19 kcal/mol for the side chain of aspartic acid. 8 Allen et al. 11 computed the PMF of analogues of lysine and arginine and estimated that charged arginine can permeate through the membrane but not charged lysine. Recent experiments have confirmed those findings. 12 All of these atomically detailed simulations of atomic ions or charged amino acid analogues show that the permeation of these species affects the membrane structure. When the ion moves inside the membrane, it remains partially or fully hydrated and is not impacted in a significant way by the dipole potential of the membrane that in its unperturbed form favors permeation of anions over cations. 13, 14 When considering permeation through membranes of complex molecules, it is difficult to separate the impact of charge from variations in molecular size and flexibility. The permeation mechanism that prefers positively charged amino acids versus negatively charged residues is therefore not clear. To address this question, we consider the translocation of the same amino acid under different pH conditions. The particular study of tryptophan was motivated by its abundance in membrane proteins as an interfacial anchor and ease of detection by spectroscopic means. We used experiments and simulations to measure the permeation amplitude and rate of a single amino acid tryptophan through DOPC membrane. In the simulations, we assumed that the prime effect of pH changes is to modify the charges of the zwitterionic amino acid. Both simulations and experiments indicate that it is the positively charged ion of the tryptophan species that permeates through the membrane most efficiently.
II. METHODS
II.1. Experiments. II.1.1. Materials and Methods. 1,2-Dioleoyl-sn-glycerol-3-phosphocholine (DOPC, dissolved in chloroform) was purchased from Avanti Polar Lipids, Inc. LTryptophan, HEPES buffer, and NaN 3 were purchased from Sigma-Aldrich; citric acid monohydrate, sodium bicarbonate (NaHCO 3 ), and sodium carbonate anhydrous (NaCO 3 ) were purchased from Fisher Scientific; and anhydrous sodium phosphate (Na 2 HPO 4 ) was purchased from Mallindkrodt Pharmaceuticals. Buffers of various pH values were prepared in HPLC grade water purchased from Fischer Scientific. All chemicals were used as received unless noted.
II.1.2. Vesicle Preparation. Large unilamellar vesicles were prepared using an extrusion method. A 945 μL portion of DOPC lipid in chloroform (25 mg/mL) was dried under a vacuum for at least 2 h and placed in a N 2 (g)-purged glovebox overnight to get rid of any residual solvent. The dried lipids were hydrated in 1.0 mL of 10 mM Hepes buffer with 0.02% NaN 3 , pH 7.2, for at least 30 min and agitated vigorously using a vortex mixer for 5 min. The hydrated lipid suspension was then subjected to at least 10 cycles of a freeze−thaw process consisting of alternately placing the sample vial in liquid N 2 and a warm water bath. The lipid suspension was then loaded into a gas-tight syringe of a mini-extruder (Avanti Polar Lipids) and extruded through a membrane of 100 nm pore size 20 times, during which time the milky solution visibly cleared. The large unilamellar vesicles were then collected in a vial and stored at room temperature for further usage. For pH experiments, vesicles were prepared in three other buffers at pH 10.1 (0.1 M Na 2 CO 3 , 0.1 M NaHCO 3 ), pH 5.5 (0.1 M citric acid, 0.2 M Na 2 HPO 4 ), and pH 2.4 (0.1 M citric acid, 0.2 M Na 2 HPO 4 ). Control experiments in which the concentration of the buffer was halved while retaining the same pH were conducted as well. The average diameter of vesicles was determined to be 150 ± 17 nm using a Malvern Zetasizer Nano ZS instrument equipped with a He−Ne laser light source to illuminate the sample at a wavelength of 633 nm and collected at a scattering angle of 173°. All measurements were made at a temperature of 35°C, viscosity of 0.8872 cP, refractive index of 1.330, equilibration time of 120 s, and path length of 1 cm.
II.1.3. Amino Acid Permeation through a Bilayer. A 100 μL portion of vesicle suspension was mixed with 300 μL of 10 mM tryptophan in the appropriate buffer (described previously) maintained at 27°C for up to 24 h. At a series of time points ranging from 5 to 60 min and 2 to 24 h, the solution was passed through a PD-10 desalting column (GE Healthcare) containing 8.3 mL of Sephadex G-25 medium previously equilibrated with the same buffer. Small molecules such as free tryptophan that had not diffused into the bilayer were trapped within the pores of the column, while the large vesicles were eluted out and collected in a vial. Fluorescence measurements of tryptophan associated with these vesicles were made with a Synergy H4 Fluorimeter set to an excitation wavelength of 280 nm and emission wavelength of 348 nm.
II. (1) where [F(t)] i is the fluorescence from amino acids inside the vesicles at time t, [F(eq)] i is the fluorescence from amino acids at equilibrium inside vesicles at t = ∞, and k is the permeation rate constant. The permeability coefficient (P) under different pH conditions requires more elaborate analysis and assumptions motivated by (current) experimental and computational observables. We therefore will discuss the calculation of P in the Results and Discussion section. II.2. Simulations. In all simulations, the periodic box contains a total of 40 DOPC molecules (20 in each leaflet), 1542 water molecules, and 1 or 2 tryptophan molecules. For the charged tryptophan species (positively or negatively charged amino group or the zwitterionic molecule), only one permeant was added in the simulation box. For the uncharged neutral species, two tryptophan molecules were added in the box, one in each leaflet making sure that the separation of their center of masses was always greater than 32 Å. When needed, an additional counterion (chloride or sodium ions) was added to the aqueous solution to keep the electroneutrality of the simulation box.
The simulations were performed at a constant temperature of 300 K and constant volume. The cell size is 37 × 37 × 75 Å 3 with the z axis (perpendicular to the membrane surface) corresponding to the largest side. The area per lipid is 68.5 Å 2 , close to the reported experimental value of 72.1 Å 2 for DOPC membrane bilayers. 17 All of the permeants were modeled with the OPLS united-atom force field, 18 and a combination of Berger/OPLS parameters was used for the lipid molecules. 19 The SPC model was used to represent the water molecules. 20 We applied periodic boundary in the three spatial directions. The long-range electrostatics interactions were computed with the smooth particle mesh Ewald method 21 with 32 × 32 × 64 cubic grids. The cutoff for the real component of the electrostatic potential and the van der Waals interactions was set to 9.0 Å. We used a matrix implementation of SHAKE to constrain water bond lengths and angles. 22, 23 We employed r-RESPA 24 to integrate the equations of motion with a short time step of 1 fs to evaluate the covalent, van der Waals, and real component of the electrostatics interactions, and a longer time step of 4 fs to estimate the reciprocal space component of the Ewald sum. 52 The initial configurations were taken from previously performed simulations of a terminally blocked tryptophan (NATA) permeation through a bilayer membrane of DOPC molecules. 25 In the current simulation, the NATA molecule was replaced for any of the four different tryptophan species considered here. After an initial 500 ps equilibration period, production jobs of 50 ns were launched in each of the umbrella windows considered. We used a harmonic potential to constrain the position of the center of mass of the permeants on 33 windows along the membrane axis (z axis). The separation between consecutive windows was 2 Å, and the harmonic force constant applied was of 7 kcal/mol. For windows closer to the membrane center (4 Å away from the center), the simulations of the charged tryptophan species were extended to 90 ns to improve the convergence of the structural results at those membrane depths. Convergence was assessed by comparison of the results of independent simulations for the two membrane layers. We use the z-constraint method 26, 27 to
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Article obtain the potential of mean force and permeability estimates for membrane permeation of the different tryptophan moieties. We further evaluate the sampling using ergodic measures we have employed in the past. 28, 29 In Figure 1 , we illustrate that the mean force appeared to be sampled from a normal distribution after about 30 ns, suggesting uniform sampling and lack of drift.
III. RESULTS AND DISCUSSION
The prime goal of the present manuscript is to examine mechanisms of passive transport of charged and moderately complex molecules through the membrane. The questions that we address are the following: (i) Is the permeation through the hydrophobic core of the membrane bilayer possible at all reasonable conditions? We illustrate below that such permeation is measurable experimentally at the minute to hour time scale and is feasible according to computer simulations. Therefore, we continue to ask: (ii) Given that the overall shape of the permeant is fixed and only the charge is changing, what is the impact of charge variation on the permeability? Finally, (iii) what is the molecular mechanism of the passive permeation of these charged molecules?
III.1. Experimental Evidence for Translocation through a Membrane of Permeants with Different Charges and Highly Similar Molecular Structures. In Figure 2 , we show measurements of tryptophan permeation as a function of time for different pH conditions. It is assumed that the changes of the pH do not significantly affect the permeation properties of the membrane. Recall that the experiments first place the phospholipid vesicles in tryptophan solution, allowing the solute to permeate the membrane for a fixed period of time. The solution is then washed away, and the amount of permeating tryptophan is assessed and reported in units of nanomoles (nmol). While the measurement time scale is rather slow on the molecular time scale (minutes and hours) and it is difficult to resolve the initial rise of tryptophan concentration in the DOPC vesicles, the differences in the long time amplitudes are obvious. It is clear that at low values of pH we obtain a significantly larger amount of positively charged tryptophan molecules (black diamonds) permeating to the vesicle than for the zwitterionic (yellow diamonds) or negatively charged peptide (blue diamonds).
This result is surprising if we use the simplest model of a membrane as a thin hydrophobic layer in aqueous solution. Such a layer is not expected to select a particular charge that we illustrate in this manuscript for the DOPC membrane. As surprising as this result might be, there is already considerable experimental evidence and theoretical studies illustrating selectivity of charges by membrane. Clarke 13 argued that a dipole electric field across the membrane assists the permeation of a particular type of charged systems, namely, organic ions. 30 He made a reference to interesting experiments comparing the permeation of aromatic charges tetraphenylborate and tetraphenylphosphonium. 31 The experiment by Liberman and Topaly suggests that the partition coefficients of the anions in the membrane are 10 5 times larger than the partition coefficients of the cations. These two ions have comparable sizes but opposite charges, and hence the suggestion that the prime force controlling the difference in their permeation rates must be electrostatic. Clarke proposed a mechanism for this surprising phenomenon and attributed the differences to favorable interactions of the membrane dipole moment with anions. 13 There are several questions that the Clarke model raises that we address in this manuscript: (i) Is the electric field of pure membrane indeed following the Clarke prediction (i.e., more favorable for negative ions), and if yes, why and what is its origin? (ii) Is the model that successfully explained the permeation of organic ions applicable to more typical biological molecules such as peptides? (iii) Are there alternative molecular mechanisms favoring different charge permeation?
One of the more popular amino acids found in peptides (such as CPP) designed to permeate membranes is arginine, which is positively charged at variance with Clarke arguments. Permeations of arginine amino acids or side chains were illustrated computationally and experimentally.
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Article the other hand, arginine experiments are not necessarily a measure of the charge effect on permeation. For example, it is possible that the long hydrophobic chain of arginine facilitates its permeation and not necessarily the charge, which is the focus of our discussion here. What we miss in this case is a comparative study to an anion with similar structural features to arginine.
To address the impact of charges and permeation of peptides, studies that are relevant also to the insertion of trans-membrane proteins, we consider the permeation of tryptophan under different pH conditions. Variation of pH does not significantly affect the shape of this single amino acid. However, it impacts the charge. At low pH values, the N terminal is mostly positively charged while the C terminal is neutral. At moderate pH, tryptophan is zwitterionic, and at high pH, the C terminal is mostly negatively charged.
Indeed, the experimental permeation curves in Figure 2 show a profound impact of the pH on the permeation rates. The number of permeating molecules (the amplitude of the kinetic curve) is significantly affected by the charge state. Figure 2 clearly illustrates more efficient permeation to the vesicle by a tryptophan solution enriched with positively charged peptides. This is in contrast with the prediction of the theory of the membrane electric dipole by Clarke 13 and in agreement with simulations and experiments on arginine residues 8,11,32 and CPP. 6, 35 Nevertheless, the data is noisy and the rapid rise at early times on the experimental time scale makes it difficult to determine if the kinetics is exponential and if it is exponential what is the rate coefficient.
To test the sensitivity of the results to buffer conditions, we repeat the experiments by halving the concentrations of the buffer while keeping the system at the same pH (Figure 2) . The ionic strength influences permeation in a complex way. When the ionic strength decreases, it makes permeation slower for pH 2.4 and faster at pH 5.5. Our analysis focuses on the undiluted data for which the results are less noisy. The main conclusion of the paper that the positively charged species is permeating faster remains unaffected.
Despite these difficulties, we have attempted to quantitatively model the experimental data. We make the following assumptions to simplify the analysis and reduce the number of parameters required: (i) The changes in the pH influence only the peptide charge and not other features of the system (e.g., the overall structure of the membrane is not affected). (ii) The permeant species is primarily the positively charged tryptophan. The last assumption is motivated by the experimental observation showing significantly large permeability at low pH but little variation in the rate coefficient at different pH as estimated by an exponential fit of the experimental curves. The second assumption is also supported by the simulation results that predict that only the positive species is permeating (see next section). The equations below of mass balance and pH impact on permeation are similar to the discussion by Cullis et al.; 36 however, they did not consider the permeation dependence on the type of the charge.
At any pH, the total concentration of the tryptophan molecules is a combination of three species: [ ] is the zwitterion form. The equilibrium relationships in aqueous solution between the three species are given by Using the second assumption that the dominating permeating species is the positively charged ion [P + ], we can write for the kinetics of the change of the tryptophan concentration outside of the vesicle
Let the volume of the experimental apparatus be V. The total number of tryptophan molecules is N = [TRP]·V. One definition of the permeability coefficient (P) is
where A is the total accumulated surface areas of all the vesicles in solution. Initially, the concentration inside the vesicle of the positively charged species, [P inside + ], is zero as we focus on the initial rate. At low pH values, the concentration of the negatively charged species is negligible (eq 2) and we can therefore write for the initial rate at low pH
Substituting in the expression for the rate, we identify the apparent rate coefficient, k, which is measured experimentally, and its relationship to the permeability coefficient, P.
We now extract from the experiment an estimate of the permeation coefficient. The rate coefficient at pH 2.4 is k ≅ 0.033/60 s −1
. We consider the low pH results for our fit due to significantly lower error bars compared to other pH measurements. The total volume of the prepared solution is 400 μL. This solution includes 1.81 × 10 19 DOPC molecules. The total surface area of these lipid molecules, exposed to the external solvent, is 72.1 × (1.81 × 10 19 ) × (10
)/2 = 65250.5 cm 2 , where 72.1 Å 2 is the surface area of a single head. 17 Assuming that all the DOPC molecules are incorporated in vesicles and substituting in the expression for the permeation coefficient (eq 5), we have for pH 2. III.2. Simulations. Figure 3 shows the potential of mean force for permeation of different ionic species of tryptophan molecules through the DOPC bilayer membrane. The origin (Z = 0) is the center of the membrane. For all of the species, the The Journal of Physical Chemistry B Article barrier for permeation is located at the center of the membrane. This barrier is significantly larger for the permeation of the negatively charged tryptophan and the zwitterionic molecule compared to the positively charged species. This is in qualitative agreement with the reported experimental observation. For the positively charged species, the barrier at the center is about 10 kcal/mol lower and the barrier is even smaller for the permeation of a neutral tryptophan molecule. These free energy profiles also show that the positively charged tryptophan binds more strongly to the membrane (with a minimum at a location 14 Å away from the membrane center) than the other species. This binding interaction is very weak for the negatively charged tryptophan. Weaker binding of anions compared to cations has been observed before in constrained simulations. An example is binding to the surface of the membrane by sodium and chloride ions 37 or the permeation of these ions through the membrane. 38−40 Recent experiments and simulations suggest a similar membrane binding for both atomic ions. 41 The barrier for permeation measured from the binding locations in the membrane is 12.4 ± 0.7, 20.7 ± 0.7, 26.0 ± 0.9, and 29.2 ± 0.1 kcal/mol for the neutral, positively charged, negatively charged, and zwitterionic tryptophan species, respectively.
Since the equilibrium free energy profiles are not easy to measure, we estimate below the value of the permeation coefficients that is frequently determined experimentally. Table 1 shows the permeability coefficients for the three charged molecules of tryptophan computed with the solubilitydiffusion model 26, 27 
where D(z) is a position dependent diffusion coefficient for the permeant along the membrane axis z, that we computed from our simulations using
with ΔF z (z, t) being the instantaneous deviation of the constrained force F z (z,t) from the average force ⟨F z (z)⟩. Table 1 shows that the permeability coefficients for the zwitterionic and negatively charged tryptophan are very low with values similar to the permeabilities estimated previously for other ionic species. 43−45 In contrast, the permeability of the positively charged tryptophan is 9 orders of magnitude larger. Assuming that these charged species do not change their protonation state during insertion and diffusion through the membrane, those permeability estimates suggest that the only molecule that can move through the membrane is the positively charged tryptophan.
To assess the computed values, we compared values of the diffusion constant to other reported values. Landolt-Bornstein reported a value of 0.66 × 10 −5 cm 2 /s for tryptophan in water. 46 Mark and Nilsson 47 found the diffusion coefficient for tryptophan in water to be in the range 13 × 10 −5 to 4 × 10 What is the mechanism that makes the permeation of the positively charged tryptophan so different compared to the permeation of the other two charged species? To answer this question, we consider the changes of membrane structure that occur when any of the three species are close to the membrane center (Figures 4−6) . For all permeants, we observe a defect of water permeation that accompanies the permeant and is widely known in the field of permeant−membrane interactions. 8, 43, 44 Significant variation in the sizes and characteristics of the defects is found for the tryptophan species. When the zwitterionic and negatively charged molecules are closer to the membrane center, up to 15 water molecules accompany the permeant to compensate for the large energetic penalty of having those charged species in the hydrophobic core of the membrane (Figures 4 and 5) . On average, only six water molecules follow the positive species, suggesting a smaller water perturbation.
Some modifications to the membrane structure are also observed. For example, for the negatively charged species, and with less extent for the zwitterionic moiety, one choline group attempts to approach the permeant located at the center of the membrane (Figure 5a,b) . Since the choline is right at the top of the DOPC molecule, the potential interruption to the membrane structure is significant and is very rare (see also Figure 6c ). The membrane perturbation is different when the positively charged tryptophan is closer to the membrane center. In this case, usually two phosphate groups (that are more centered compared to the choline group) remain closer to the permeant as well as accompany glycerol groups that surround the positively charged amino group (Figures 5c and 6a,b) and help stabilize the ion. Hence, rather than deformation of mostly membrane components which is induced by a positive permeant (sliding of phosphate and glycerol groups toward the center), a negative or zwitterion permeant requires membrane disruption and the entry of a significant number of water molecules for charge compensation. The last is illustrated to be more costly by the PMF calculations ( Figure  3 ). The membrane distortions observed in the simulations modify the electrostatic interactions felt by the charged permeants. Figure 7 shows the electrostatic energy of the charged permeant while it moves across the membrane axis. For the positively charged tryptophan, the electrostatic interaction is favorable when the permeant moves inside the membrane due to attractive interactions with several phosphate and glycerol groups (Figures 5 and 6 ). Closer to the membrane center, contacts with those charged and polar groups become more difficult and the energy increases. Contrasting with these results, a negatively charged tryptophan feels an increasing unfavorable energy moving to the membrane center after it crosses the area where the positive charged choline groups are located (about 20−24 Å from the membrane center). This suggests that the membrane distortions that would be required to compensate for the electrostatic penalty for the permeation of this negative ion, specifically the approach of several choline groups, are more costly than the observed approach of phosphate and glycerol groups to interact with a positively charged tryptophan.
We expect that a neutral permeant will perturb the membrane less. We therefore also consider membrane perturbation by a neutral, uncharged tryptophan. To examine the impact of membrane structure on permeation of charged species, we replace the uncharged tryptophan in the MD sampled structures by the charged species and compute the electric field experienced by the permeant. The results are also reported in Figure 7 . The electrostatic energy as a function of the membrane depth of the permeant has similar but weaker trends compared to the energy profiles sampled in simulations of charged species permeation. Interestingly, when unperturbed membrane is considered (i.e., membrane without a permeant) and an ion is simply placed at different membrane positions along the normal, the electrostatic energy flips. Negatively charged ions are preferred by the unperturbed membrane in accord with Clarke's argument. Previous simulation studies of pure lipid bilayers 49−51 have shown that this preference is due to the positive potential contribution of the oriented water molecules located at the membrane/water interface that overcompensate the negative potential contribution of the lipid head groups. Hence, it is the membrane distortion induced by the permeant that selects positively charged ions. Figure 4 . Number of water molecules that come closer than 10 Å from the membrane center plotted as a function of the location of the respective permeant. More than twice the number of water molecules penetrates to the membrane hydrophobic core when the zwitterionic or negatively charged tryptophan molecules are deeper inside the membrane compared to the water penetration for the positively charged tryptophan. In contrast, when an uncharged tryptophan is at the membrane center, water molecules remain away from that region. This observation suggests a significantly less disruptive permeation for the neutral and positively charged species compared to the negative ions and zwitterions. 
IV. CONCLUSIONS
In this paper, we illustrate, using a combination of experiments and simulations, the high efficiency of permeation of positively charged peptides compared to negatively charged ions or to zwitterions. This observation is surprising given the overall hydrophobic structure of the membrane moiety that has no significant electric interactions. Furthermore, this observation is also in disagreement with earlier investigations of transport of organic ions that suggest anions as the better permeating species. An explanation to this challenge is provided by detailed analysis of the MD simulations, results that are also consistent with the experiments we have conducted.
We have shown that permeation is enhanced by defect formation in the membrane. The positively charged permeants effectively pull the negatively charged phosphate and the polar glycerol groups in the direction of the membrane center. The last two groups ease the electrostatic self-energy felt by the permeant in the low dielectric environment. In contrast, negatively charged ions are less successful in pulling the (further away) positively charged choline groups. To compensate the high self-energy in the low dielectric environment, anions induce membrane disruption and gather a significant number of water molecules around them. The disruption is significantly more costly in energy than the internal membrane distortion found for cations. We note that if the membrane is unperturbed a reverse trend is obtained; negative ions are more permeable than positive ions. This explains why organic anions, which are likely to have a small effect on the hydrophobic core of the membrane, translocate better than organic cations.
It will be of considerable interest to conduct additional experiments with one of the peptide ends blocked, reducing the impact of very different pH's on the environment.
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